The balance equations for the entropy in the atmosphere are presented and discussed. Using observed energy fluxes and atmospheric temperatures, we present estimates of the various terms in the global mean entropy budget. The largest boundary fluxes of entropy are associated with the emission of longwave radiation. The fluxes of entropy associated with turbulent and molecular diffusion are found to be much smaller. On the planetary scale the mean outgoing flux of entropy at the top of the atmosphere is found to be about 22 times larger than the mean incoming flux of entropy through solar radiation. The rates of entropy production and destruction by the various irreversible processes that occur in the atmosphere are also computed. The entropy production terms involved in the release of latent heat and the absorption of solar radiation are, by far, the largest sources of entropy for the atmosphere, whereas the production of entropy associated with the absorption of longwave radiation is an order of magnitude smaller. The destruction is mainly accomplished through cooling by outgoing longwave radiation. The contributions of the sensible heat fluxes and friction are relatively small.
INTRODUCTION
Most natural phenomena occurring in the climate system are characterized by great irreversibility. For example, the turbulent motion in the planetary boundary layer does not spontaneously develop into the large-scale organized flow of the general circulation; a cloud cannot be reconstituted from the same water it lost previously through precipitation; rivers do not flow backward from the sea to their headwaters; and ocean water does not decompose spontaneously into oxygen and hydrogen.
We will analyze the entropy budget of the atmosphere since it is important for the study of the thermodynamical behavior of the climatic system and, in particular, for atmospheric phenomena. The second law for an isolated system, dS/dt _> 0, implies that energy can only change from a higher to a lower level of availability, that is, it can only change from a more to a less usable form of energy. The second law implies the existence of a function S, entropy, that for an isolated system increases monotonically until it reaches its maximum value at the state of thermodynamic equilibrium. An increase in entropy of a system means a decreose in available energy and an evolution toward a state of greater disorder.
The second law can also be extended to open systems that exchange energy and matter with their surroundings. In this case, following Prigogine [1962] , the total variation, dS, of entropy for a system is the sum of two components (see Using this formulation, the basic differences between reversible and irreversible processes become clearer. There are numerous irreversible processes occurring in the climate system that lead to an increase of entropy. Among these are the interaction between radiation and matter, some of the phase transitions of water substance, frictional dissipation, and molecular diffusion.
Given the continuous increase in entropy that must have taken place during the course of the Earth's history, how then can we explain why a global threshold value has not been reached? How can we explain the high level of organization in certain atmospheric processes characterizing the weather and the fact that these processes can evolve in an orderly way that at first sight would seem to lead to a decrease of entropy? For example, the zonal wind systems in the atmospheric general circulation are well-defined and highly organized; millions of tons of water evaporate each second from the Earth's surface and are lifted up into the atmosphere against the force of gravity to feed the hydrological cycle; and photosynthesis allows plants to grow year after year by absorbing carbon dioxide in the presence of sunlight. All these processes seem to proceed against the law of increase of entropy, and all occur as a result of the high quality (that is, low entropy) of the incoming solar radiation and its systematic variation with latitude. It is, of course, the solar energy that heats the Earth's surface and the atmosphere unevenly, thereby generating the global wind sys- tems, producing the evaporation of water as one of the vital components of the hydrological cycle, and maintaining photosynthesis, among many other processes. We can also compare the quality of the shortwave solar radiation (Ama x • 0.47/am) with the quality of the longwave radiation (Ama x • 10/xm) emitted by the Earth. According to the Planck equation the energy e of a photon is given by e = he, where h is the Planck constant and •, is the frequency, and the energy is thus inversely proportional to the wavelength of the radiation. The same amount of energy contains fewer photons in the form of solar radiation than in the form of terrestrial radiation, or in other words, the solar radiation is more organized (has higher quality) than its terrestrial counterpart. For the Earth as a whole the amount of entropy associated with the incoming solar radiation is much lower than the amount of entropy associated with the emitted terrestrial radiation, so that the climate system receives high-quality energy and returns low-quality energy to space. Thus solar radiation revitalizes the meteorological phenomena, feeds the hydrological cycle, and renovates the biosphere. If the Earth were an isolated system, there would be an unavoidable increase in entropy leading to a deathlike uniformity of the planet Earth. It is this capacity for permanent renovation that makes all natural phenomena possible in the climatic system. Most quantities in the physical world can increase or decrease with time, but entropy must always increase. The entropy can decrease locally during a given time interval but only at the expense of a larger increase of entropy in the environment, so that it results in a net increase in the global entropy. Entropy is the "time's arrow," in the words of Eddington. It gives the direction in which time flows, but it does not provide the rate at which time is increasing, so it cannot be used as a clock. Entropy sometimes increases more rapidly and at other times more slowly; only rarely does it remain constant. The second law does not provide the speed of the degradation of energy. This degradation can be accelerated (e.g., by animal life) or slowed down (e.g., by green plants [Prigogine, 1980] Although the atmosphere is not in equilibrium, we will assume that there exists a state of local equilibrium, so that we can still accept the formal relations developed in equilibrium thermodynamics [Prigogine, 1962] .
One of the main forms of energy in the climate system is the radiant energy. We know that the definition of entropy for a radiating system is well established when it is assumed that the system acts as a blackbody in radiative equilibrium. However, for nonblackbody radiation there is, as yet, no adequate definition of entropy (see discussions by Essex [1984] , Callies [1989] , and Lesins [1990] ). Nevertheless, we follow the usual approach in evaluating the entropy of radiation beams by accepting the idea that the entropy fluxes are associated with the corresponding fluxes of energy. The 
where Qf indicates the frictional part of the diabatic heating, that is, the last term on the right side of (4), and Q h contains the remaining terms. In the long run, for the total atmosphere the entropy remains constant, so that using (3) and (5) 
Balance Equation of Entropy
The local balance equation of entropy can be obtained by substituting the expression for diabatic heating (4) into ( (12) Equations (12) and (13) are only approximate equations since they do not take into proper account the entropy of the radiant energy fields. This constitutes a difficult problem to deal with outside equilibrium conditions because the nonequilibrium radiation entropy is not related in a simple way to the blackbody radiation entropy. However, some attempts have been made recently to evaluate the radiation entropy [see Essex, 1984; Callies, 1989; Lesins, 1990] .
Equation ( terms on the right side of (13) corresponds to the term deS/dt in (2), while the sum of the last three terms on the right side of (13) corresponds to the term diS/dt in (2). The last sum must always be nonnegative (diS/dt -> 0) since it is the only term that remains provided that we consider the atmosphere, as a whole, as an isolated system. However, the individual generation terms may not be positive everywhere, as possibly occurs in the case of radiation and in some phase transitions, such as evaporation, since the integrand may be locally negative. Nevertheless, the latent heat release, frictional dissipation, and heat diffusion terms are always positive [Batchelor, 1976] . This is easy to prove in the case of the heat diffusion term by assuming a type of Fickian law for Jo, For the atmosphere as a whole we will assume that the net rate at which latent heat is released can be approximated by the product of the observed precipitation rate at the Earth's Table 1 . When we add all these contribu- In summary, the values presented in Figure 2 and Table 1 show that the absorption of solar radiation and the release of latent heat are by far the largest sources of entropy in the atmosphere. The rate of production of entropy associated with the absorption of longwave radiation is an order of magnitude smaller than that due to solar radiation since the temperatures of the infrared emission and absorption do not differ substantially. Among the nonradiative processes the water phase transitions dominate the entropy generation, whereas the rates of generation due to the sensible heat fluxes and friction are found to be relatively small.
Jo=
The relevant temperatures we have chosen for the various generating processes involve some degree of arbitrariness. In order to analyze the influence of this choice we present in Table 2 some estimates of the entropy-generating terms for various temperatures. As can be seen, the most sensitive process in terms of relative change is the one related with the absorption of longwave radiation. Those related with the other processes are much smaller. In summary, the fluctuations of cr are relatively small, so that our main conclusions would not be affected.
Regional Entropy Budgets
To obtain information about the distribution of the entropy sources and sinks in the atmosphere, we present some results of the budgets on a regional scale. Because of the sphericity of the Earth and the nonhomogeneous distribution of water and land there are large differences in solar insolation with respect to both latitude and longitude. However, the differences in the solar heating are, of course, most pronounced in the latitudinal direction and in particular The temperatures are in K, and the o-are in mW m -2 K -• Table A4 ]. We assumed that the absorption of shortwave solar radiation and the emission of longwave terrestrial radiation both take place just above the 500-mbar level and that the latent heat release occurs near the 500-mbar level in the equatorial region, near 700 mbar at mid-latitudes, and near 850 mbar at polar latitudes.
The results for the various fluxes are presented in Table 3 The sums of the boundary terms presented in the last column of Table 3 give a rough estimate of the net rate of generation of entropy inside each region. However, in view of their importance the individual rates of entropy generation
